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ABSTRACT 

Primary mouse epidermal cells underwent spontaneous ma- 
lignant transformation in culture. Twelve malignant epidermal 
cell lines were established which produced squamous cell 
carcinomas in syngeneic hosts. These lines were used to define 
criteria for recognizing transformed epidermal cells in vitro. 
Growth in suspension in agar, agarose, or Methocel was mini- 
mal for 11 of the lines. All lines tested retained specific epider- 
mal antigens (pemphigus, pemphigoid, keratin) by indirect im- 
munofluorescence, but keratin content was reduced when 
quantified by radioimmunoassay. Basal activity of ornithine 
decarboxylase and activity induced by the tumor promoter 1 2- 
O-tetradecanoylphorbol-1 3-acetate were variable among lines. 
All malignant lines as well as normal epidermal ceils grew well 
at reduced extracellular calcium concentrations. When the 
extracellular calcium was elevated, normal cells ceased prolif- 
eration, terminally differentiated, and sloughed from the culture 
dish, while malignant cells continued to proliferate although 
they expressed differentiative functions. These results indicate 
that malignant transformation in epidermis is associated with a 
fundamental alteration in the program of terminal differentiation 
which allows some cells to escape the proliferative block and 
cell death which accompanies differentiation in normal keratin- 
ocytes. This alteration should be useful to select for transform- 
ants during the process of carcinogenesis in vitro. 

INTRODUCTION 

The establishment of criteria for the recognition of malignant 
transformation is essential for complete development of in vitro 
models to study carcinogenesis. This laboratory utilizes mouse 
epidermal cells in culture for a variety of studies related to 
differentiation and carcinogenesis (43, 46). Early in the devel- 
opment of this culture system, we reported that morphological 
criteria would not suffice as a reliable distinguishing character- 
istic of malignant epidermal cells in culture (12, 47). These 
findings have been confirmed by other laboratories which utilize 
epidermal cells (6, 15, 35). The lack of characteristic morpho- 
logical changes in vitro associated with malignant transforma- 
tion appears to be common, to a variety of other epithelial cell 
types (25. 27, 32, 40). This is in contrast to mesenchymal cell 
transformation models where morphological alterations are 
strongly associated with malignant potential (10, 19). 

Recent advances in culture techniques for mouse epidermal 
cells have provided a new approach to the establishment of a 
quantitative transformation assay in vitro (21, 24, 46). Modifi- 
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cations of standard culture procedures have also resulted trili' 
the evolution of continuously growing epidermal cell lines withf 
morphological and biochemical characteristics of normal ker-S 
atinocytes. These lines are tumorigenic when transplanted toll 
syngeneic hosts. The availability of many such cell lines ha$C 
provided an opportunity to reexamine the phenotype of difterli; 
entiating malignant keratinocytes. This report presents an ajiajjlT 
ysis of biological, biochemical, and pharmacological markers!! 
studied in order to establish an association with epidermaf&s 
transformation. 

MATERIALS AND METHODS 

Development of Cell Lines. The isolation and cultivation qfp 
keratinocytes from newborn BALB/c mice have been 
scribed previously (44). Cells were plated at 10 5 /sq cm 6n|f§| 
60-mm plastic tissue culture dishes (Falcon Plastics, Oxnarti|| 
Calif.) and grown at 37° with twice-weekly medium change^ 
The method was altered only in that cells were plated in Eagle^ 
minimal essential medium (Grand Island Biological Company!^ 
Grand Island, N. Y.) enriched 5-fold with essential and nones§|* 
sential amino acids and vitamins similar to the medium 
scribed by Fusenig and Worst (1 7). Fetal calf serum (Reh$j|~ 
Chemical Company, Kankakee, III.) and antibiotics (Antibiotic^ 
Antimycotic Solution; Grand Island Biological Company) were| 
added at 14% and 1%, respectively. In this medium, mouse; 
epidermal cells proliferated, stratified, and terminally differen-ip 
tiated as described previously (11, 43, 44). Following a wave! 
of differentiation, large cells with poorly distinguished bordeng 
were the predominant population as reported for Medium 1$ " 
(44). However, the retained cell density was considerably 
higher in the enriched medium following the initial sloughing $| ; 
differentiated cells. By the fourth week in culture, small densjfe 
cellular foci were observed (usually 1 to 2 per 60-mm d 
which were easily identified because they continued to stratify- 
and were covered with a keratin sheet. 

These epithelial foci were found to resist mild trypsin treaty 
ment while the nonstratifying cell population could be removed; 
by such treatment. Thus, when cultures were exposed to a I 
of 0.1% trypsin in Hanks' balanced salt solution for 10 minji| 
37°, nonstratifying cells became rounded and were washed <?$T 
with phosphate-buffered saline (NIH Media Unit; 0.14 M Na<3f£ 
2.0 mM KCI:8.3 mM Na 2 HP0 4 :1 .4 mM KH 2 P0 4 ). This proced J 
was repeated at intervals over many months until the stratifying 
colonies became dominant and finally the only cell type in ei 
dish. Once established (a period of 6 to 8 months), thes% 
differentiating epithelial cell lines were switched to standar^;. 
Eagle's minimal essential medium plus 10% fetal calf seru^- 
and could be subcultured by the use of 0.05% trypsin:0.1^r 
EDTA. Using these procedures, a total of 1 3 cell lines from:| 
separate primary epidermal isolations were developed. The$| 
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S| designated Pam 1 and Pam 21 to 29, 210 to 212. This 
£& r W j|| discuss results obtained with 12 of these lines 
Sloped from a single isolate (Pam 21 to 29. 21 0 to 21 2) of 
^oocytes from newborn BALB/c mice. The 1 2 lines were 
lived from foci in 4 different primary plates which were 
'bcultured into 24 wells of a multiwell culture dish. The lines 
not been cloned but have been maintained as independ- 
1 lliries developing in a particular well from the time of the 
^subculture. 

^jological Assays. Tumorigenicity was determined by in- 
frig 2 x 10 6 cells in 0.1 ml of phosphate-buffered saline in 
^ Interscapular region of newborn syngeneic mice. After 
fining (21 days), animals were examined every week or 
w'e&kly. and tumors were excised when they were 1 cm or 
4ife in diameter. All tumors were fixed in formalin and exam- 
S histologically. Anchorage-independent growth was deter- 
T Hed in 0.33% agar (Bacto-Agar; Difco Laboratories, Detroit, 
jfcfc) (5). 0.33% agarose (Seakem Agarose; Microbiological 
Relates, Bethesda. Md.) (30), or 1.5% methylcellulose 
:i 0thocel, 4000 centipoise. Fisher Scientific Company, Fair- 
Ifri, N. J.) (34) by plating 10 4 cells in each suspending 
j|dium o ver a 1% a 9 ar base as descr ' Ded previously (5). 
flparation of media with a lowered calcium content has been 
^rted (21). Cells used as positive controls for anchorage- 
^pendent growth assays were the malignant lines EC-1 
Scribed by this laboratory (47) and T 3 6272. a derivative of 
jfe : T62 which has been described previously (5), kindly sup- 
ped by Dr. Nancy Colburn of the National Cancer Institute. 
^Assays for^Specific Chemical Markers. Cell extracts were 
pared and analyzed on 9% polyacrylamide gels (containing 
ij % sodium dodecyl sulfate) as described in a previous report 
^primary cultures (38). Extracts prepared in a similar way 
Jare analyzed for mouse keratin content by a radioimmunoas- 
^£ developed in this laboratory (48). 

^Assays for Specific Immunological Markers. Sera from 
i|tients with bullous pemphigoid and pemphigus vulgaris con- 
;, n antibodies against an epidermal basement membrane ari- 
sen and a keratinocyte cell surface antigen, respectively (36). 
|hese antibodies are known to react with their respective 
Ipidermal antigens across species lines (9). Four bullous pem- 
"!fiigold sera, 3 pemphigus sera, and 5 normal human sera 
|f ere used for IIF 4 studies. Pemphigoid and pemphigus sera 
!&£d antibody titers of greater than 1 :40 on cryostat sections of 
f|ormal human skin. Antisera from rabbits against the mouse 
Sratin proteins K, (M.W. 68,000) and K 2 (M.W. 60,000) were 
^prepared in this laboratory as reported previously (39). Anti- 
serum from rabbits directed against the M.W. 58,000 inter- 
4 Jftediate filament protein of CHO cells (2) was kindly supplied 
Jfey Drs. Michael Gottesman and Fernando Cabral of the Na- 
tional Cancer Institute, Bethesda. Md. Three normal rabbit 
t$era, including a preimmune serum from a rabbit subsequently 
#rnmunized to keratin, served as negative controls. 
TS- IIF was performed on cell cultures by a previously described 
#:£rocedure (36) with minor modifications. In brief, cells grown 
£pn cover slips were fixed in -20° methanol for 10 min and 
0hen -20° acetone for 10 sec. In studies designed to visualize 
IKeratin fibers, fixed coverslips were treated with 0.5% Triton 
!|X-100 in 0.01 M Tris-buffered 0.85% NaCI solution (pH 7.4) 

?H : : 4 The abbreviations used are: HF, Indirect immunofluorescence; CHO, Chinese 
f&ijafnster ovary; TPA. 1 2-cMetradecanoylphorboi-1 3-acetate; ODC, ornithine de- 
carboxylase. 
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for 30 min at room temperature. In order to reduce nonspecific 
fluorescence, 4% bovine serum albumin in 0.02 m phosphate- 
buffered saline was used to dilute all sera and to wash the cells 
after the sera were applied, and the fixed cells were incubated 
initially for 30 min with a normal goat serum at a dilution of 1 : 
1 0. The second serum applied was bullous pemphigoid, pem- 
phigus, normal human serum, rabbit antiserum to keratin (anti- 
K, or anti-K 2 ). antiserum to the CHO intermediate filament, or 
normal rabbit serum. The human sera were diluted 1 :5 or 1:10; 
the rabbit sera were diluted 1 :20 or 1 :80. A fluorescein isothi- 
ocyanate-conjugated goat anti-human IgG or goat anti-rabbit 
IgG antibody (Cappel Laboratories, Downington, Pa.) diluted 1 : 
40 was then applied. The same IIF procedure was used on 4- 
to 6-ptm cryostat sections of tumor tissue embedded and frozen 
in Tissue-Tek II O.C.T. compound (Lab-Tek Products. Naper- 
ville. III.), except that tissue sections were air dried and not 
fixed in methanol or acetone. The cells or tissue sections were 
viewed with a Leitz Ortho II epiilluminated fluorescent micro- 
scope. 

Assays for Pharmacological Response. Cell lines were ex- 
posed to medium containing TPA (0.1 /ig/ml); (Chemical Car- 
cinogenesis, Eden Prairie, Minn.) or solvent alone (0.1% di- 
methyl sulfoxide). The activity of the enzyme ODC was meas- 
ured at 4 and 8 hr after exposure as described previously (26). 

RESULTS 

Characteristics of Cells and Tumors. All cell lines retained 
many morphological characteristics of primary epidermal cells 
in culture. Cells were round to polygonal and tended to grow 
in colonies as a monolayer when plated sparsely and to stratify 
in a focal or diffuse fashion when grown to confluence (Fig. 1 ). 
Differentiating cells often contained granules. Patterns of dif- 
ferentiation varied from line to line but often more than one 
pattern was seen in different regions of the same line. In 
general, the keratinization patterns reported by Indo and Miyaji 
(22) for transformed rat epidermal cells were also observed for 
these mouse cell lines. Examples of these patterns are seen in 
Fig. 1 . Electron micrographs of several lines revealed typical 
epidermal markers such as desmosomes. tonofilaments, kera- 
tohyalin granules, and in cross-sections a vertical maturation 
pattern. 

All lines tested for their ability to produce tumors in newborn 
syngeneic hosts proved positive (Table 1 ). Injections were first 
performed at passages 5 to 7, at which time the cells had been 
in culture for over 1 year. All tumors were squamous cell 
carcinomas. Tumors from most individual lines were either well 
differentiated or poorly differentiated, but some were mixed. 
Most tumors from a particular line were morphologically similar, 
but exceptions were observed. No strict correlation between in 
vitro morphology of cells and the histological tumor type could 
be made. That is, cell lines which exhibited considerable dif- 
f erentiative function in vitro (such as line 26) gave rise to poorly 
differentiated tumors. There also was no correlation between 
histological tumor type and the time of first appearance of a 
tumor or how rapidly it grew. For example, tumors derived from 
Pam 212 were very well-differentiated but had the shortest 
latency period, a 100% incidence, and grew rapidly. 

Anchorage-independent Growth. Previous studies with 
transformed mouse epidermal cells in which differentiative 
function was not strongly expressed had indicated that the 
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Table 1 

Tumorigenicity of Pam lines in syngeneic hosts 





No. of 


Time to 






ft imnrfi/ 


first 






no. of 


tumor/time 




Cell 


mice in- 


to last tu- 




line* 


jected 


mor (days) 


Predominant histological tumor type 


Of 

c. 1 


11/11 


48/105 


Keratinizing squamous cell carcinoma 


22 


10/17 


105/351 


Poorty differentiated squamous cell carci- 








noma 


o*i 


9/12 


70/351 


Poorly differentiated squamous celt carci- 








noma 


«^ 


NO 6 


60/88 




25 


9/9 




Poorty differentiated squamous celt carci- 


26 


11/11 


48/53 


noma 

Poorly differentiated squamous celt carci- 








noma 


27 


7/7 


39/39 


Areas of well- and poorly differentiated squa- 








mous celt carcinoma 


28 


10/11 


77/351 


Poorly differentiated squamous cell carci- 








noma 


29 


8/12 


77/105 


Keratinizing squamous cell carcinoma 


210 


5/6 


105/351 


Keratinizing squamous cell carcinoma 


2f 1 


15/15 


48/60 


Keratinizing squamous cell carcinoma 


212 


11/11 


39/39 


Keratinizing squamous ceil carcinoma 



a All lines were tested in passages 5 to 7 (more than 1 year in culture). 
b NO, not determined. 



ability to grow in suspension in agar was a reliable criterion for 
tumorigenicity (6, 35). Fusenig et at. (15) reported a similar 
finding for more-differentiated malignant epidermal cell lines. 
However, differentiating malignant rat epidermal celts failed to 
form colonies in agar (22). Studies with Pam lines indicate that 
plating in 0.33% agar produces only a small number of colo- 
nies, and colonies were generally less than 1 0 cells (Table 2). 
It cannot be said with certainty that such colonies were viable 
and expanding. Only line 27 produced a significant number of 
larger colonies in agar. In contrast, 2 tumorigenic lines which 
are derived from epidermal cells but do not differentiate in 
culture to the same extent as Pam cells were used as positive 
controls and produced many large colonies in agar. Additional 
studies with lines 21, 22. 27, 21 1, and 212 at passages 7 or 
1 1 indicated that the incorporation of the mitogens epidermal 
growth factor or TPA into the agar (5) failed to enhance colony 
formation. Likewise, reduction of calcium concentration in the 
agar failed to enhance growth of these lines (1 3). Of interest is 
the finding that colony-forming efficiency of Pam 212 was 
significantly increased when tumors derived from this line were 
regrown in vitro and tested in agar (Table 2). Whether this 
treatment selected cells with this potential or induced a change 
is not known. Cells derived in the same way from Pam 27 
tumors did not demonstrate enhanced agar growth, but such 
cells were positive prior to tumor formation. Both tumor derived 
lines retained their differentiative characteristics. It has been 
reported that agarose (30) or Methocel (34) may be better 
media for testing growth in suspension for cells which have 
stringent growth characteristics. Table 2 reveals that these 
conditions failed to enhance colony-forming efficiency in any 
of the lines tested and that Methocel may have decreased the 
efficiency of T 3 6272. 

Induction of Terminal Differentiation. The discovery that 
ionic calcium is a critical regulator of growth and differentiation 
of epidermis in vitro has provided a means to select for cells 
with an altered capacity for terminal differentiation (20, 21 , 24, 
46). Normal epidermal cells proliferate rapidly in medium with 
a tow ionic calcium concentration (0.2 to 0.09 mM) and terrni- 



Tabie 2 

Anchorage-independent growth of transformed epidermal celts 

Colony-forming efficiency in • 
the following media* (no. of 
colonies/ 1 0.000 cells 
plated) x 100 



Ceil line 


Passage 


Tumori- 
genic 


u.33% 
agar 


U.33% 
agarose 


1.5% 
Metho- 
cel 


Pam 21 


5 


+ 


<1 


NO 


ND 




7-9 




<1 


2 


1.6 


Pam 22 


5 


+ 


<1 


NO 


ND 




11-13 




1.4 


1.7 


<1 


Pam 23 


S 


+ 


1.2 


NO 


ND 


Pam 24 


5 


ND* 


<1 


ND 


ND 


Pam 25 


6 


+ 


<1 


NO 


ND 


Pam 26 


6 . 


+ 


<1 


ND 


ND 


Pam 27 


5-7 


+ 


3:4 c 


ND 


ND 


Pam 28 


5-7 


+ 


<1 


ND 


ND 


Pam 29 


5 


+ 


2.0 


ND 


ND 


Pam 210 


5 


+ 


ND 


ND 


ND 


Pam 21 1 


5 


+ 


<1 


ND 


ND 




10-12 




<1 


<1 


<1 


Pam 212 


6—8 


+ 


<1 


<1 


<1 




6—8 


+ 


<1 








16-18 




<1 






Pam 212T* 






ie.5 c 






Pam 27~T 






3.3 C 






ec-1 




+ 


4 C 






T*6272 




+ 


29 c 


31 c 


7.3 C 


Keratinocytes 


Primary 




0 


ND 


ND 



a Ail assays were performed by plating 1 0* cells in the appropriate suspending ■ • 
medium prepared in Eagle's minimal essential medium containing 20% fetal calf ;'S y . 
serum. Parallel assays in agar utilizing 1 0% serum failed to produce any colonies Of 
from Pam lines. All colonies were smaller than 10 cells and in most cases. 7.;: 
contained 4 to 6 cells. A value of <1 indicates a range of 0 to 99 small colonies 
per plate. Most lines yielded 1 5 to 50 colonies in repeated tests. 

* ND, not determined. 

c Colonies considerably larger (1 00 ceils). . ^ 

d Cell tines established from tumors excised from animals receiving Pam 21.2 :^1 
or 27 cells. :W 

natly differentiate when calcium is elevated above 0.1 mM (20/% 
21 ). Since the transformed phenotype is likely to be associated^ 
with an alteration in differentiative function, the effect of calcium;|ff 
concentration was studied in Pam lines. When Pam 211 was;^ 
grown in medium containing 0.07 mM Ca 2+ , the cells grew 
a monolayer without stratification (Fig. 2a). Individual cells were :-f& 
polygonal with distinct intercellular spaces, giving the cell sheet^ 
a paving stone appearance when confluent. Many round cells ^ 
floated into the medium under these conditions. These results^ 
are identical to the growth pattern observed for normal epidete§| 
mal cells grown in low-calcium medium (20, 21). When Panf^ 
211 cells grown for 1 week at 0.07 mM Ca 2+ were changed toja. 
medium with 1 .2 mM Ca 2+ , the cells became less retractile, ar$|| 
the size of intercellular spaces decreased after only a few hr|p 
(Fig. 2b). Individual cells became smaller, and the cultured 
became more compact. Focal stratification was observed by|| 
48 hr, but the cultures maintained a balance between prolrfer^i 
ation and differentiation (Fig. 2c) which resulted in continuouS|p 
growth as in Fig. 1. AH other Pam lines responded identical^ 
to these culture conditions. This is in contrast to normal epi- 
dermal cells which stop proliferating and terminally differentiate-- 
en mass after a switch from low-calcium medium to medium| ? . 
with a higher calcium concentration. In cultures of normaJ ce\fe0 
switching from 0.07 to 1 .2 mM Ca 2 * leads to death and slough^ 
ing of most of the cells (20, 21). Thus, malignant cells appear; | 
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fthave an alteration in the normal controls which result in a 
aicium-induced proliferative block and cell death by terminal 
differentiation. 

barkers of Epidermal Differentiation. Cultured mouse ker- 
l|| n ocytes display many of the specific differentiation markers 
§j|ntified for epidermis in vivo (38, 39. 45). Pam lines were 
^udied to determine if the alteration observed in the regulation 
-^differentiation was accompanied by specific biochemical or 
^Immunological differences in differentiation markers. The study 
5 |esented in Fig. 3 compares the electrophoretic separation of 
%j*rP tein s * rom nonnal and malignant cells, 
■^previously, we had shown that mouse basal cells contain a 
Jajor keratin protein with a molecular weight of 60,000 (K 2 ) 
•|fid a minor keratin protein with a molecular weight of 68.000 
§jj&). During differentiation, the K^K? ratio becomes unity, and 
^(s is the pattern observed in the mouse stratum corneum (38) 
:|^ere Ki and K 2 represent virtually all of the keratin molecules. 
Hiiouse keratinocytes also contain significant amounts of actin, 
?||rticularly in the basal cell population (Fig. 3 t a and o). The 
Ifnfcjor bands in the electrophoretic pattern of 4 Pam lines were 
l§tialitatively similar to those of the basal cell population (Fig. 3, 
IjfJtb 0. There was a broadening in the K 2 region which might 
Indicate a poorly resolved second band in that area, but a 
^timber of gel runs failed to yield a distinct reproducible change 
liir pattern in that region. The actin band also appeared enriched 
|n;f?am lines, and an unidentified band (M.W. 30,000 to 35,000) 
i^ay be increased. There also was an apparent decrease in 
?!^rialler-molecular-weight proteins toward the front of the gel 
twHich were prominent in basal cells. Nevertheless, these stud- 
ies did not reveal either a loss or a gain of a specific marker 
^rptein which characterized the transformed state. 
^Epidermal specific markers and other cellular antigens were 
4|tudied by HF as well. Previous studies had suggested that 
Ifrjtouse and human squamous cell carcinomas had decreased 
ISr absent pemphigus and pemphigoid antigens (7, 8 t 29). In 
l^pntrast, our studies show these antigens were strongly ex- 
pressed In the tumors derived from Pam 212 (Fig. 4, a and 6). 
furthermore, in cultured Pam cells, both pemphigoid and pem- 
Iphigus antigen were readily demonstrated by HF techniques 
|{Fig. 4, c and d; Table .3). Pemphigus antigen was detected 
jvrnainiy on the cell membranes of the larger flat cells located 
i-'inore superficially in the culture, while pemphigoid antigen 
i showed a pattern of coarsely granular fluorescence within or 
Hinder the cytoplasm of many of the cells attached to the 
^substrate. These antigens were as prominent in the cultured 
^transformed lines as in the cultured normal mouse keratino- 



cytes and were present in the same pattern as we have reported 
for cultured human epidermal cells (36). Cultured human der- 
mal fibroblasts did not express either antigen, and no immu- 
nofluorescence was seen with normal human sera in Pam cells. 
All cultured Pam lines studied also demonstrated a prominent 
filamentous cytoskeletal network of keratin proteins (Fig. 4e). 

No qualitative differences in the keratin pattern were ob- 
served between Pam lines and normal keratinocytes. However, 
when extracts of Pam 21 , 22, 27, and 21 2 were assayed for 
keratin protein content by a quantitative radioimmunoassay 
(48), the transformed lines contained less than 20% of total 
keratin protein (expressed as fig keratin per mg total protein) 
assayed in normal primary keratinocytes. The keratin content 
of the 4 lines studied was quite constant by radioimmunoassay. 
Mouse dermal fibroblasts were negative for keratin by I1F and 
had negligible (nonspecific background) levels by radioimmu- 
noassay. Studies from another laboratory had indicated that a 
spontaneously transformed mouse epidermal cell line synthe- 
sized a M.W. 58,000 protein which was a characteristic com- 
ponent of the filamentous cytoskeleton proteins of mesenchy- 
mal cells (14). Keratin cytoskeletal proteins were also coex- 
pressed in this cell line. Pam cells were examined by IIF with 
an antibody raised against the M.W. 58,000 mesenchymal 
cytoskeletal protein of CHO cells (2). This protein is believed 
to be both biochemically and immunologically similar to the 
mouse 3T3 protein (2). Four Pam lines were negative with this 
antiserum, while mouse dermal fibroblasts displayed a promi- 
nent filamentous fluorescent pattern. Primary keratinocytes 
were also negative in this study, although contaminating mel- 
anocytes were positive. 

Pharmacological Responsiveness. Some malignant cells 
demonstrate enhanced responsiveness to the potent tumor 
promoter TPA (41 ). We have been studying the induction of 
ODC in normal keratinocytes exposed to TPA (26). This enzyme 
is reported to be elevated in mouse skin tumors (31). It was 
therefore possible that either enhanced induction, or high basal 
levels of ODC might characterize malignant keratinocytes in 
vitro. Table 4 indicates that neither of these anticipated char- 
acteristics was consistently found in the Pam celts. Certain 
lines (lines 29 and 212) had high basal activity, and others 
showed exceptional inducibility (fines 24, 21 1, and 212); how- 
ever, most lines were not significantly different from primary 
keratinocytes, and several were poor responders with low 
basal activity. Furthermore, activity and responsiveness varied 
in some lines between experiments; this variability could be 
related to the degree of confluency at the time of treatment. It 



Table 3 

HF assays of malignant epidermal cells for normal epidermal and mesenchymal antigens 
Assays were performed on fixed and permeabilized cultured cells or on cryostat sections o» tumors. 

Sera tested 



CHO In- 











terme- 


Norma) 


Normal 




Pemphi- 


Pemphi- 




dlate fil- 


rabbit 


human 


Cell line 


gus 


goid 


Keratin 


ament 


serum 


serum 


Pam 211 


+ 


. + 


+ 








Pam 212 


+ 


+ 


+ 








Pam 21 




NO 


+ 






ND 


Pam 22 


NO 


ND 


+ 






ND 


Tumor 212 (in vivo) 


+ 


+ 


+ 


NO 






Primary mouse epidermal cefts 


+ 


+ 


+ 








Primary dermal fibroblast 








■ + 







" ND, not determined. 
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Table 4 

Basal and induced ornithine decarboxylase activity in transformed epidermal 

cells 





8-hr bas 


J activity 


8-hr induced activity 




Experi- 


experi- 






Cell lino 


ment 1 


ment 2 


Experiment 1 


Experiment 2 


Pam 21 


0.07 


0.09 


0.38 (5.4)° 


0.21 (2.3) 


Pam 22 


0.59 


0.20 


3.28 (5.6) 


0.91 (4.6) 


Pam 23 


0.09 


0.19 


0.20 (2.2) 


0.24 (1.26) 


Pam 24 


0.10 


0.16 


8.17 (82) 


2.8 <17.5) 


Pam 25 


0.40 


0.15 


0.82 (2.1) 


1.0 (6.7) 


Pam 26 


0.86 


0.27 


1.20 (1.4) 


0.36 (1.3) 


Pam 27 


0.18 " 


0.10 


0.22 (1.2) 


0.48 (4.8) 


Pam 28 


0.15 


0.14 


0.49 (3.3) 


1.0 (7.1) 


Pam 29 


3.68 


1.16 


7.36 <2.0) 


7.20 (6.2) 


Pam 210 


ND 


0.03 


ND 


0.35 (11.7) 


Pam 211 


ND 


0.26 


ND 


6.0 (23) 


Pam 212 


1.91 


0.08 


44.62 (23.4) 


4.6 (57.5) 


Primary epidermal 


0-3 


0.4 


2.4 (8) 


4.6 (11.5) 



cells 

* Numbers in parentheses, degree of induction. Slight variability is expected 
depending on confluency at time of treatment and on serum batch. 

* ND. not determined. 

was also possible that the kinetics of ODC induction after TP A 
was different in malignant cells and normal cells. Previously, 
we had shown that peak activity in normal cells occurs at 6 to 
9 hr after exposure. However, cells were also assayed at 4 hr 
after TPA in the experiments shown in Table 4, and the results 
were essentially the same. 

DISCUSSION 

The availability of a number of tumorigenic epidermal cell 
lines which yield squamous cell carcinoma upon injection into 
syngeneic hosts has provided the means to assess the relia- 
bility of individual markers of epidermal transformation. The 
development of these lines has been very reproducible, and, 
consequently, other lines are currently becoming available to 
extend these studies to test additional markers. Pam 1 cells, 
derived in an identical way from a different primary cell isolate, 
have not been studied in great detail but resemble Pam 2 cells 
in morphology and in the production of squamous cell carci- 
noma upon reinjection to syngeneic recipients. Spontaneous 
transformation in mouse epidermal cells cultured for prolonged 
periods has been reported in several laboratories (6 t 12,1 6), 
but the establishment of well-differentiated lines has been rare. 
The techniques described here provide a way to routinely 
obtain such tines in the absence of mesenchymal influences. 
It Is anticipated that, with slight alteration in the procedures 
described in this report, nonmalignant cell lines could be de- 
veloped as well. Other techniques for establishing well-differ- 
entiated, nonmalignant epidermal cell fines have also been the 
subject of a previous report from this laboratory (46). These 
reported techniques are being used to develop a quantitative 
transformation assay for chemical carcinogens in epidermal 
cell culture (21, 24). The tendency for epidermal cells to 
undergo spontaneous neoplastic transformation will undoubt- 
edly complicate this system. Epithelial cell cultures derived 
from other rodent tissues also have a tendency to spontane- 
ously develop infinite life spans in vitro or to spontaneously 
transform (23, 42). This appears to be a property shared by 
epithelial and mesenchymal cells in vitro. 

Morphological criteria have been uniformly poor for predict- 
ing cancer in epithelial celts, with the possible exception of 
careful cytological analysis of transformed hepatocytes (28). 
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However, a cytological analysis makes the selection and quan- 
titation of transformed clones very difficult and thus is useful 
only for identifying the presence of malignant cells in a popu^: 
lation. Our studies indicate that morphological assessment of 
the degree of differentiation in a cell line (as evidenced by the- 
capacity to stratify and produce squames) does not necessarily: 
correlate with the histological differentiation found in the re4: 
sultant tumor nor with the rapidity of tumor development and* 
growth. Studies with Pam 211 and 212 have also indicated that 
a repeated subculture 01 6 passages) can lead to an altered 
morphology with less-differentiated characteristics. However 7 
these latter subcultures have not been extensively studied with 
the markers reported here. ..;>: 
The ability to grow in agar has been reported to be a reliable:: 
criterion as a marker for transformed epithelial cells of both?; 
epidermal (6, 15, 35) and nonepidermal (23, 32, 40) origin:! 
However, our well-differentiated lines formed only a few smalR 
colonies in suspension in agreement with the findings of Indq i 
and Miyagi (22) for transformed rat epidermal cells. Growth irt> 
other suspending media, reported to enhance expression of | 
anchorage independence (30, 34), did not alter these results; '4 
but a variety of other agar modifications reported to enhance ?! 
anchorage independence have not been tried. Suspension^ 
culture has been used as a method to induce terminal differ- . 
entiation in normal human epidermal cells and epidermal-like :( 
cells derived from a mouse teratocarcinoma (1 8). Induction of 4 
terminal differentiation in this way could explain the inability of i 
the cell lines reported here to form colonies in suspension and; ; . 
would imply different mechanisms involved in the induction oH: 
differentiation by suspension and Ca ?+ . It is possible that a| 
repeated subculture could lead to the acquisition of anchorage : 
independence associated with the loss of differentiative char- ^ 
acteristics. However, our data at present indicate that anchor^ f ■ 
age independence need not precede the ability to form tumorsV % 
The formation of epidermal cell colonies over an agar base (22)"% 
and in rotation culture (1 6) was reported to be characteristic of J 
transformed lines. Pam lines have not yet been tested by this 1 
criterion. While only 2 lines derived from tumors produced by : ^ 
Pam cells have been tested for agar growth, in the case of Pam i| 
212 anchorage independence developed. This could Imply a. : > 
selection of cells in vivo and indicate that a minor population ':f 
exists within Pam tines which is responsible both for the for- :? 
mation of tumors and growth In agar. Alternatively, passage in :|" 
vivo could induce a change which allows anchorage-independ* 
ent growth. -% 
It was hoped that changes in differentiation markers would % 
provide tissue-specific criteria for acquisition of the malignant ,f 
phenotype. Previous studies by Carruthers (3) had indicated ; ;? 
that antigenic changes occurred during the process of epiderr. f 
mat carcinogenesis, although the specific antigens were not | 
identified. Fusenig et at. (1 5, 1 6) had reported that reactivity to T 
an antiserum raised against normal epidermal cell surface 
antigens was diminished in malignant epidermal cell lines. ;| 
Similar studies by Coiburn (4) could not confirm this as a | 
consistent finding for malignant celts, although cell lines In 
general had reduced reactivity. Our studies with specific antM 
genie markers failed to define a change which was character- 
istic of transformation. Of interest was the finding that In tumors, £ 
pemphigoid antigen, found associated with the basement mem- % 
brane in normal epidermis, was localized to the perimeter of | 
tumor nests where the expanding cells were Invading the host ;| ; 
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flrna! tissues. Also, pemphigoid antigen was found in vitro in 
i cells attached to the plastic surface. This could indicate 
% the expression of this antigen requires an interaction with 
Tibnepiderrnal substrate. Keratin content was consistently 
jereased in transformed cells when determined by radioim- 
fjnoassay. but the cytoskeletal arrangement of keratin fibers 
Ibeared normal by I IF. The functional importance of this 
iahtitative change between normal and malignant cells is 
irrently unexplained. Since keratin has both a cytoskeletal 
^ differentiative function in epidermis, a decrease in keratin 
ntent could affect either of these processes. However, one 
:£tnot rule out the possibility that a decrease in antigenicity 
ie to modifications in protein structure could contribute to the 
*er values obtained in the immunoassay or that other keratin 
ifecules are expressed (for example, in the enriched region 
tween M.W. 45,000 and 60,000) which do not cross-react 
fh'the antiserum. 

ifhe detection of a mesenchymal cytoskeletal protein by IIF 
reported to occur in an epidermal cell line but not in normal 
idermis (14). This could not be confirmed in our study, 
ftnough the antiserum used in our study was prepared against 
1 CHO (hamster) intermediate filament protein while the 
jlyious report utilized antibody to mouse 3T3 intermediate 
lament protein, these proteins are believed to be antigenically 
biochemically identical (2). A negative result in IIF cannot 
^considered as conclusive evidence for the absence of a 
£cific protein. Studies on Parti al 2 cells performed in collab- 
ration with Drs. Robert Goldman and Peter Steinert have 
plicated that intermediate filament proteins of the mesenchy- 
sl type can be isolated in abundance from Pam 212 with 
propriate extraction techniques (37). Two major proteins of 
proximate M.W. 55,000 and 50,000 to 53,000 are present 
polyacrylamide gels and are coexpressed with the keratin 
Oteins. The 55,000 protein from Pam 212 comigrates with 
55,000 intermediate filament protein of baby hamster kid- 
>y celt line 21 , and antibody to the baby hamster kidney celt 
21 protein stains Pam 21 2 by IIF (37). B The presence of 
imilar proteins in all Pam lines remains to be determined. The 
Impression of both types of cytoskeletal filament systems (ker- 
Jin and mesenchymal) in malignant epithelial cells could be a 
ful marker of aberrant expression associated with cancer, 
ium dodecyl sulfate.polyacrylamide gel patterns of urea 
pxtracts from normal and Pam cells failed to yield a character- 
istic qualitative change (Fig, 3), although some quantitative 
differences were noted. Future studies with extraction tech- 
niques designed to yield specific types of filamentous proteins 
lay be more fruitful. 

Only one in vitro characteristic was consistently associated 
iith cancer in the Pam lines. Like normal epidermal cells, Pam 
i|©lls have the capacity to grow under conditions of low-calcium 
|Spncentration (0.02 to 0.09 mM) in the culture medium. This 
*fias also been observed for malignant cells of mesenchymal 
origin (1) and for transformed liver cells (33) but not their 
fbrmal counterparts. When the calcium content is raised to 
of standard culture medium (1 .4 mM), Pam cells undergo 
|* stratification process characteristic of epidermis in vitro but 
Icbntinue to grow rapidly, while normal cells treated in the same 
Way cease proliferation and slough from the culture dish. Thus, 
£am cells have an alteration in the pathway which inevitably 
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leads to cell death via calcium-induced differentiation as ob- 
served for normal keratinocytes. Therefore, Pam cells can 
establish a balanced population consisting of continued prolif- 
eration and differentiation in the presence of 1 .4 mM calcium. 
This characteristic has also been observed in some clones of 
epidermal cells treated with chemical carcinogens in medium 
containing 0.02 mM calcium and selected at a later time by a 
switch to culture medium with 1 .4 mM calcium (24, 46). Since 
these latter cells are not tumorigenic but retain many epidermal 
characteristics, this alteration in differentiation may represent 
an early change during the process of neoplastic transforma- 
tion. The nature and regulation of this difference between 
normal and altered cells are unknown. There could be a primary 
defect in the response to changes in extracellular calcium. 
Epidermal cells, and perhaps other stratifying squamous epi- 
thelia, appear to be unique in their responses to extracellular 
calcium. They grow in low-calcium environments which support 
the growth only of malignant cells derived from other sources 
(20, 21) and differentiate under conditions in which other cell 
types show maximum growth. Since Pam cells undergo a 
partial induction of differentiation in response to calcium, in 
that they stratify and produce squames, the initial response to 
changes in extracellular calcium is probably intact. Pam cells 
differ from normal cells in that they fail to demonstrate a 
proliferative block which accompanies calcium-dependent ter- 
minal differentiation in normal cells. Thus, a primary alteration 
in the response to a calcium related program of differentiation 
which is accompanied by loss of proliferative capacity in normal 
cells appears to distinguish Pam cells from normal keratino- 
cytes. It seems likely this change is fundamental to the devel- 
opment of cancer in tissues which terminally differentiate. 

In conclusion, studies with Pam cells have indicated that 
several criteria previously associated with cancer in other cell 
types, or in less-differentiated cells derived from epidermis, are 
not universally applicable. Criteria previously observed in some 
squamous cell tumors in vivo also cannot be used as definitive 
evidence of cancer in vitro. However, a fundamental alteration 
in the program of differentiation may represent a common 
change in all transformed epidermal cells. Future studies will 
be directed toward identifying specific changes (cytoskeletal, 
enzymatic) which may be causally associated with this biolog- 
ical alteration and which can be used as a marker to recognize 
this change. 
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: 212. AO photographs, x 360. 
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Fig 2 Effect of extracellular calcium concentration on Pam 211. a, cells grown In medium containing 0.07 mM calcium for 1 week; 6. 6 hr after a switch to 
medium containing 1 -2 mM calcium; c, 72 hr after a switch to 1 .2 mM calcium. All photographs, x 360. . 

Ra 3 Sodium dodecyl eutfatetpolyacrytamide gel electrophoresis of urea-soluble proteins, a. differentiated epidermal cells; 6. basal cells; c, Pam 21 ; d. Pam 27; 
p Pern 21V / Pam 212 All were extracted with 8 m urea:0.05 m Tris-HCt buffer (pH 9.0):0.1 m 2-mercaploethanol for 2-hr at 23° and centrlfuged to remove 
• m'soluble material The supernatant was equilibrated in cathode buffer containing 0.5% (w/v) sodium dodecyl sulfated. 1 m 2-mercaptoethanol and heated to 95 for ; 
2 min A portion containing 100 to 300 M g of protein was electrophoresed tor 4 hr at 2 ma per gel on 0.6- x 10-cm 9% gels. Gels were stained with Coomass.e blue 
in 7.5% trichloroacetic acid. 1» K, (keratin), M.W. 68.000; 2, K a (keratin). M.W. 60.000: 3, adin. M.W. 42.000. 
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